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(54) Programmable smooth junctions on lenses 

(57) Programmable smooth junctions are provided 
for lenses and molds therefor, particularly for toric lens 
designs, which enable a numerically controlled (NC) 
machine to be programmed to machine smooth junc- 
tions or transitions between adjacent regions of a lens 
which have different thicknesses or radii of curvature. 
First and second mathematical functions f(a) and f(b) 
are defined which specify the curves of first and second 
segments of a lens surface. The slope dy/dx is derived 
of the first and second mathematical functions f(a) and 
f(b) at the transition between the first and second seg- 



ments of the lens surface. A mathematical function is 
defined which describes a desired transition between 
the first and second segments of the lens. The first and 
second mathematical functions f(a) and f(b), the derived 
slopes dy/dx of the first and second mathematical func- 
tions f(a) and f(b), and the mathematical function de- 
scribing the desired transition are then utilized to pro- 
gram a numerically controlled machine to machine the 
first and second segments of the lens surface and the 
desired transition between the first and second seg- 
ments. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates generally to program- 
mable smooth junctions on lenses and molds therefor, 
particularly for toric lens designs. More particularly, the 
subject invention pertains to the designs of lenses and 
also the molds therefor, particularly for toric lens de- 
signs, which enable a numerically controlled (NC) ma- 
chine to be programmed to machine smooth junctions 
or transitions between adjacent regions of the lens 
which have different thicknesses or radii of curvature. 
The subject invention provides precise numerically de- 
fined, smooth, near tangential transitions between ad- 
jacent regions of a contact lens of different thickness or 
radius and also of the mold therefor. 

2. Discussion of the Prior Art 

Fanti U.S. Patent 4,095,878 discusses automatic 
orientation but does not discuss transition zones. 

SUMMARY OF THE INVENTION 

Accordingly, it is a primary object of the present in- 
vention to provide programmable smooth junctions on 
lenses and molds therefor, particularly for toric lens de- 
signs. More particularly, the subject invention provides 
the design of a lens and also a mold therefor, particu larly 
for toric lens designs, which enables a numerically con- 
trolled (NC) machine to be programmed to machine 
smooth, near tangential junctions or transitions between 
adjacent regions of the lens which have different thick- 
nesses or radii of curvature. 

A further object of the subject invention is the pro- 
vision of a precise, numerically defined and numerically 
controlled (NC) machinable, smooth near tangential 
transition between adjacent regions on a contact lens of 
different thickness or radius. 

In accordance with the teachings herein, the 
present invention provides a method of designing a lens 
which enables a numerically controlled machine to be 
programmed to machine smooth transitions between 
adjacent regions of the lens which have different thick- 
nesses or radii of curvature. The method defines first 
and second mathematical functions f(a) and f(b) which 
specify the curves of first and second segments of the 
lens surface. The slope dy/dx is derived of the first and 
second mathematical functions at the transition be- 
tween the first and second segments of the lens surface. 
A mathematical function is defined which describes a 
desired transition between the first and second seg- 
ments of the lens. The first and second mathematical 
functions f(a) and f(b), the derived slopes dy/dx of the 
first and second mathematical functions f(a) and f(b), 



and the mathematical function describing the desired 
transition are then utilized to program a numerically con- 
trolled machine to machine the first and second seg- 
ments of the lens surface and the desired transition be- 
5 tween the first and second segments. 

In greater detail, the x and y intervals between the 
two functions f (a) and f (b) are normalized to into the 
transition gap between the first and second segments 
of the lens surface. The mathematical function describ- 
ee ing the transition can describe a linear function, a single 
bridge radius, multiple radii, an aspheric radius, multiple 
aspheric radii, mixed multiple spheric and aspheric radii, 
or multiple radii with a reverse curve. The present inven- 
tion also pertains to a contact lens, such as a contact 
is lens having a toric surface, produced according to the 
method herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 The foregoing objects and advantages of the 
present invention for programmable smooth junctions 
on lenses may be more readily understood by one 
skilled in the art with reference being had to the following 
detailed description of several preferred embodiments 

25 thereof, taken in conjunction with the accompanying 
drawings wherein like elements are designated by iden- 
tical reference numerals throughout the several views, 
and in which: 

30 Figure 1 illustrates the trigonometric relationships 
of the slope of a curve to a general x, y cartesian 
coordinate system; 

Figure 2 illustrates, in an x, y cartesian coordinate 
system, a general problem approached by the 

35 present invention, wherein a first function f(a) de- 
fines the curve of a first segment of a lens surface 
and a second function f(b) defines the curve of a 
second segment of a lens surface, and the present 
invention provides a smooth, near tangential cor- 

40 rection factor or transition between the first and sec- 
ond functions which can be used to program a nu- 
merically controlled machine to machine the first 
and second functions and the transition; 
Figure 3 illustrates a curve of a lens surface having 

45 a first segment defining a first lens power and a sec- 
ond segment defining a second lens power, and 
wherein a transition curve generated pursuant to 
the present invention connects the first and second 
segments; 

so Figure 4 illustrates curves of a power function, a cor- 
rection factor, and the combined power function and 
correction factor; 

Figure 5 illustrates a second order asymptotic func- 
tion and a second order asymptotic function modi- 
55 fied pursuant to the present invention; 

Figure 6 illustrates a sinusoidal function and a sinu- 
soidal function modified pursuant to the present in- 
vention; 
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Figure 7 is a plan view of a contact lens designed 
pursuant to the teachings of the present invention 
wherein a central optic zone of the lens is connected 
to a lenticular (nonoptical) zone of the lens by a tran- 
sition curve or zone pursuant to the present inven- 
tion; 

Figure 8 illustrates a further example of a contact 
lens designed pursuant to the present invention 
wherein a thicker central optical zone of the contact 
lens is connected to a thinner peripheral lenticular 
(nonoptical) zone of the contact lens with a transi- 
tion curve pursuant to the present invention; and 
Figure 9 is an enlarged view of one possible transi- 
tion curve for the lens of Figure 8 having multiple 
radii with a reverse curve. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring to the drawings in detail, Figure 1 illus- 
trates the trigonometric relationships of the slope of a 
curve to a general x, y cartesian coordinate system, and 
in particular, illustrates a circle with a radius r, and a 
semichord x which intersects the circle at tangential 
point c. If a vertical is dropped at tangential point c to 
translate x to the x axis : then the slope of the angle be- 
tween the normal to the circle at tangential point c and 
the x axis is as follows, wherein a is the angle of the 
normal at point c. 

-1 x 

a = cos - 
r 

m ± is the slope of the normal at point c. 

v 

m . = tan u = - 
- 1 x 

The slope of the tangent T is mT = tan (cos -1 + £). 

Figure 2 illustrates, in an x, y cartesian coordinate 
system, a general problem approached by the present 
invention, wherein a first function f(a) defines the curve 
of a first segment of a lens surface and a second function 
f (b) defines the curve of a second segment of a lens sur- 
face, and the present invention defines a smooth, near 
tangential correction factor or transition between the first 
and second functions which can be used to program a 
numerically controlled machine to machine the first and 
second functions and the transition. The functions f(a) 
and f(b) can be any conic function, particularly for toric 
lens designs. 

A general conic equation which describes all con- 
ies, including spheres, parabolas, ellipses and hyperbo- 
la is: 

x 2 

r + Vr 2 -(k+1)x 2 



where 

k = 0 for a sphere, 
k = -1 for a parabola, 
s 0 > k > -1 for an ellipse, 
k < -1 for a hyperbola. 

For the first quadrant, 
10 d v = x 

and similar equations-cover the remaining second, third 
is and fourth quadrants. 

Accordingly, for the example illustrated in Figure 2, 
the slope dy/dx of each of the two curves f(a) and f(b) 
near the intersection of the two curves (at point a for 
function f (a) and at point b for function f(b)) can be de- 
20 scribed mathematically. Then the two curves are con- 
nected by mathematically describing a function con- 
necting the two known slopes, such that a numerically 
controlled diamond tipped milling machine can machine 
the smooth transition in a mold for the lens. 
25 Referring toFigure 2, 

the slope at XgVg can be described mathemat- 
ically with the agc^ve equation, and 

the slope at x b y b can also be described math- 
ematically with the" above equation. 
30 Figure 2 shows the connecting points. Any of sev- 
eral connection functions, and possibly connection func- 
tions modified by a correction factor can be used to con- 
nect the two points a and b. The connection functions 
can be a power function, an asymptotic function, or a 
35 trigonometric function. In addition, any of these connec- 
tion functions can be modified by a correction factor 
such as a linear correction factor, a v-shaped correction 
factor, an arc correction factor, or a conic correction fac- 
tor. Accordingly, a selected connection function con- 
40 necting the two known curves is defined by an equation 
mathematically specifying the connection function. 

For a power function with a slope down, as illustrat- 
ed by the example in Figure 4, for 

x<0,y = lxl A < 1/P) 
x>0,y = -lxl A(1/P) 

so 

wherein P is the power. 
Similarly, for a power function with a slope up, which 
is opposite to the illustration of Figure 4, for 



55 



x < 0, y = -Ixl 



A(1/P) 
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x>0,y=lxlA n/P) 

In these equations, the x interval between the two 
functions t(a) and f(b) can be normalized into the gap, 
and can be normalized to , where x 0 is the x midpoint 
of the gap, as illustrated in Figure 2. 

The variable y is self-normalized to by the 
equation for the power function since Mm f(x) = + 1 as x 
->± 1. 

For a power function, the function at any point is 



f(x): 



(±) IxIa 



(1/P) 



wherein c is the correction factor in the gap, such that 
the slope of the power function dy/dx at any point is 



1/p 



dy _ (±) Ixl 
dx " c 



where x and y have been normalized to +/-1 at any point. 

Thus, referring to Figure 2, the connection function 
between the known functions f(a) and f(b) is defined by 
an equation wherein x and y have been normalized to 

For the points a : b and o in Figure 2, 



(V x a) 



y 0 — * 2 



For a linear correction factor 



metrical function is described by the appropriate math- 
ematical function, such that the numerically controlled 
machine can follow the mathematical function. 

For an asymptotic connection function equation, 



10 



15 



20 



25 



y = mx + b 

For an aspheric correction factor, the previous conic 
equation can be used, namely 



r + *n 



(k+1)x 



where 



k = 0 for a sphere, 
k = -1 for a parabola, 
0 > k > -1 for an ellipse, 
k < -1 for a hyperbola. 

For an asymmetrical correction function, the asym- 



35 



40 



45 



50 



55 



y = 



+x V2 



7x^7 



1 



with + for slope up, and 
- for slope down 
where 

Q = 0 or 2 or 4 
if Q = 0 line 

if Q = 2 the start and stop slopes are .-5 
if Q = 4 the start and stop slopes are 0 

The slope of the asymptotic function is 



V2 



V2Qx c 



dX "^^ 2(x Q + 1) 
for a correction function c 



3/2 



y = y 

'corr c 



30 The corrected asymptotic function then becomes 

± x^2 

f(x) 



Vx^ 



and the slope of the corrected asymptotic equation sim- 
plified, 



V2Qx 



dy = V2 

* = JF7i 2c(x Q + 1) 



Figure 3 illustrates a curve of a lens surface wherein 
a first segment defining a first lens power ends at point 
a, a second segment defining a second lens power ends 
at point b, and a transition curve 30 generated pursuant 
to the present invention connects the first and second 
power surfaces. 

Figure 4 illustrates an example of a power function 
of 1 .8, and illustrates curves of the power function 40, a 
correction factor 42 : and the power function and correc- 
tion factor combined 44. 

Figure 5 illustrates a second order asymptotic func- 
tion 50 (wherein Q=2 in the above equation) and a sec- 
ond order asymptotic function 52 modified pursuant to 
the present invention. 

Figure 6 illustrates a sinusoidal function 60 and a 
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sinusoidal function 62 modified pursuant to the present 
invention. 

The present invention provides intermediate transi- 
tion zone functions to maintain a smooth surface profile 
on lens surfaces such as contact (ens surfaces, partic- 
ularly toric contact lens surfaces, thus giving a uniform 
repeatable fit throughout the power range. The design 
accounts for a variable optic zone junction thickness 
with a constant lenticular junction thickness. 

The optic zone junction thickness, herein defined 
as the radial lens thickness at the edge of the front optic 
zone, varies with designed lens power. This is generally 
of no consequence in an ordinary symmetrical (rotation- 
al) design. However, for rotational ly stabilized designs, 
such as are used in torics, there is a requirement for 
consistent and repeatable fits across a broad power 
range. The present invention addresses this by allowing 
the stabilization system to maintain constant aspect/ 
thickness ratios (the ratio between the vertical thickness 
and the horizontal thickness) : and for a smooth transi- 
tion between the required thick central optic zone, and 
the peripheral curves/stabilization system (quantify the 
slab off zone). The curves pursuant to the present in- 
vention can be placed on the front or back surface of the 
lens, as required, but are preferably placed on the front 
surface. 

Figure 7 is a plan view of a toric contact lens 70 
having a transition zone 76 designed pursuant to the 
teachings of the present invention. In this exemplary 
embodiment, a central optic zone 72 of the lens having 
a toric surface is connected to a lenticular (nonoptical) 
zone 74 of the lens by a transition curve or zone 76 pur- 
suant to the present invention. The lens includes upper 
and lower slab off areas 78 in the lenticular zone to pro- 
vide eyelid induced rotational and positional stabiliza- 
tion of the toric lens. 

The present invention can provide contact lens de- 
signs with a thinner peripheral region and a thicker cen- 
tral region, and can provide a unitary one-piece design 
for a hydrogel contact lens with a thicker and stiffer cen- 
tral region smoothly connected to a thin periphery region 
for use with an astigmatic patient. 

Figure 8 illustrates a further example of a contact 
lens 80 for an astigmatic patient designed pursuant to 
the present invention wherein a thicker central optical 
zone 82 of the contact lens is connected to a thinner 
peripheral lenticular (nonoptical) zone 84 of the contact 
lens with a transition curve 86 pursuant to the present 
invention. The contact lens 80 includes a lens back 
curve 88, an optical zone front curve 90, a control front 
curve 92, and a control center thickness 94. 

Figure 9 is an enlarged view of one possible transi- 
tion curve for the lens of Figure 8 having a first set of 
multiple radii r1 , r2, r3, and a second set of multiple radii 
with a reverse curve, -r3, -r2, -ri. 

The exemplary contact lens of Figure 8 provides a 
thicker central region for function and handleability and 
also provides a reduction in thickness at the peripheral 



regions beyond the edge of the optical zone for in- 
creased comfort as it fits under the eyelids better. 
In the embodiment of Figure 8: 

5 1 . The control design has a fixed base curve and a 

front curve based upon the desired center thickness 
and desired final power. This design specifies an 
annulus from point A to point B, Figure 8. 
2. The central thickness design is based upon the 

10 same base curve as the control design with a front 
curve based upon the thick central thickness and 
desired final power. This design is found in the cen- 
tral region of the lens and extends to point A. The 
radius of this zone * the radius of the control region. 

15 3. A transition region A - B forms a smooth transition 
between FC thick and FC thin. 

4. The transition zone can be: 

a straight line; 
20 a single bridge radius; 

multiple radii; 
an aspherical radius; 
multiple aspherical radii; 

mixed multiple spherical and aspheric radii; or 
25 multiple radii with a reverse curve, as illustrated 

in Figure 9 : to minimize discontinuities. 

5. In a second design mode, the transition occurs 
at point A in the bright or midrange pupil diameters 

30 (region from approximately 2.75-5.75 mm). 

While several embodiments and variations of the 
present invention for programmable smooth junctions 
on lenses are described in detail herein, it should be ap- 
35 parent that the disclosure and teachings of the present 
invention will suggest many alternative designs to those 
skilled in the art. 



40 Claims 

1. A method of designing a lens which enables a nu- 
merically controlled machine to be programmed to 
machine smooth transitions between adjacent re- 
45 gions of the lens which have different thicknesses 
or radii of curvature, comprising: 

a. defining a first mathematical function f(a) 
which specifies the curve of a first segment of 

50 a lens surface; 

b. defining a second mathematical function f(b) 
which specifies the curve of a second segment 
of the lens surface; 

c. deriving the slope dy/dx of the first mathe- 
55 matical function f(a) at the transition between 

the first and second segments of the lens sur- 
face; 

d. deriving the slope dy/dx of the second math- 
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ematical function f(b) at the transition between 
the first and second segments of the lens sur- 
face; 

e. defining a mathematical function which de- 
scribes a desired transition between the first £ 
and second segments of the lens; 

f. utilizing the first and second mathematical 
functions f (a) and f(b), the derived slopes dy/dx 
of the first and second mathematical functions 

f (a) and f(b), and the mathematical function de- io 
scribing the desired transition to program a nu- 
merically controlled machine to machine the 
first and second segments of the lens surface 
and the desired transition between the first and 
second segments. 1 $ 

2. A method of designing a lens as claimed in claim 1 , 
further including: 

a. normalizing the x interval between the two 20 
functions f (a) and f(b) into the gap between the 
first and second segments of the lens surface; 

b. normalizing the y interval between the two 
functions f (a) and f (b) into the gap between the 
first and second segments of the lens surface; 2s 

3. A method of designing a lens as claimed in claim 2, 
wherein the normalizing of the x interval and the 
normalizing of the y interval is to . 

30 

4. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes a linear function. 



curve. 

11. A method of designing a lens as claimed in claim 1 , 
wherein a thicker central optical zone of the contact 
lens is connected to a thinner peripheral lenticular 
zone of the contact lens with a defined transition 
curve. 

12. A method of designing a lens as claimed in claim 1 , 
wherein a control design defines a fixed base curve 
and a front curve based upon the desired center 
thickness and a desired optical power, and a tran- 
sition is specified from the front curve to the lenticu- 
lar junction of the lens, wherein the central thick- 
ness design is based upon the same base curve as 
the control design, and the front curve is based up- 
on the center thickness and desired optical power. 

13. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes a power function. 

14. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes an asymptotic connection func- 
tion. 

15. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes a trigonometric function. 

16. A contact lens produced according to the method 
of claim 1. 



5. A method of designing a lens as claimed in claim 1, 35 
wherein the mathematical function describing the 
transition describes a single bridge radius. 

6. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the *o 
transition describes multiple radii. 

7. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes an aspheric radius. 45 

8. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes multiple aspheric radii. 

so 

9. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes mixed multiple spheric and as- 
pheric radii. 

55 

1 0. A method of designing a lens as claimed in claim 1 , 
wherein the mathematical function describing the 
transition describes multiple radii with a reversed 
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